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Introduction
Nickel oxide (NiO x with 1< x < 1.5) is a p-type semiconductor with wide band-gap (E g > 3.50 eV), 1 and is characterized by high chemical stability 2 and optical transparency in the configuration of thin film (thickness, l < 2 μm). 3, 4 The intrinsic p-type conductivity of NiO x is mainly related to its non-stoichiometric nature where Ni 3+ centers constitute the oxide defects through which holes are transferred. 5 Because of this interesting combination of electrical and optical properties, NiO x has been considered for energy storage applications, 6-8 in electrochromic devices as transparent electrode, [9] [10] [11] [12] [13] [14] [15] [16] [17] in optoelectronic devices as electron barrier, 18, 19 for gas sensing, 20, 21 and, more recently, in dye-sensitized solar cells (DSCs) as photoactive cathode. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The utilization of NiO x in such diverse applications has been accompanied by the development of various preparation methods and deposition techniques, aimed at producing NiO x -based materials with variable chemical composition, electrical resistivity, compactness and morphology. Examples include electrochemical deposition, 36 chemical vapor 37 and bath deposition, 38 spray pyrolysis, 39, 40 sol-gel method, 14, 23, 25, 41 hydrothermal synthesis, 29, 42 and sputtering. 32 In this contribution, we propose a novel approach for the preparation of technologically relevant NiO x coatings for photo-electrochemical purposes using a microblasting technique. 43, 44 The deposition method is based on the processing of the powder that constitutes the material of the coating. The powder grains are entrained in an air-jet and then bombarded onto metallic substrates at ambient temperature. The mechanical energy of the powder particles in the air-jet is large enough to induce the formation of chemical bonds between powder material and substrate. The resulting coatings are characterized by a strong adhesion to the substrate and, importantly, do not require a post-deposition thermal treatment. 45 The latter feature reduces considerably the costs of surface finishing and film processing. Amongst the commercial deposition techniques applying this and related processes are CoBlast 43, 44 and ROCATEC ® . 45 To our knowledge, this is the first study that investigates the potential of the microblast technique for the deposition of metal oxide coatings for photoelectrochemical purposes. The morphological, structural, compositional, electrochemical and photo-electrochemical characteristics of microblast NiO x samples are described and compared with those of NiO x nanoparticulate layers prepared by furnace sintering, 22 and with those of nanocrystalline NiO x films prepared via sol-gel methods as reported in the literature. 9b,12b,14b,15b Specifically the objective of this work is to evaluate the photo-electrochemical performance of microblast NiO x coatings in the bare state and in the sensitized version with the dye Erythrosin B (ERY). 23, 41 
Experimental

Deposition of NiO x coatings
The NiO x coatings were deposited onto 0.15 mm thick nickel sheets. The area of NiO x deposits was 2 cm x 2 cm. Nickel sheets from BDH Chemical Ltd. (UK), were ultrasonically cleaned for 5 minutes in 2-propanol followed by acetone, prior to the deposition. The nickel oxide powder was purchased from Chengdu Shudu Nano-Science Co. Ltd. A HELOS particle size analyzer from Sympatec GmbH was used to determine the size distribution of nickel oxide nanoparticles in the powder. The powder particles were dispersed in water under magnetic stirring at 1200 rpm during the analysis. The NiO x coatings were deposited using grit blasting in a commercial microblasting system (EnBIO Cork, Ireland), which has been described previously. 43, 44 In this study, a single microblast nozzle was arranged perpendicularly to the substrates in order to produce a direct blast zone. The nickel oxide powder was fed into the nozzle at a pressure of 90 psi, with the nozzle located at a distance of 10 mm from the substrate made of nickel. The blast head was moved at a speed of 10 mm s -1 over the substrate in an x-y co-ordinate geometry at a rate of 20 mm 2 s -1 . The deposition of the NiO x coatings was performed on Ni sheets instead of the conductive transparent substrates of indium-doped tin oxide (ITO), or fluorine-doped tin oxide (FTO). This is because the high-speed of NiO x particles can remove the conductive layer of either ITO or FTO, on the glass substrates and, consequently, reduce their effectiveness in the process of charge transfer between coating and substrate. In addition, an oxide forming substrate like metallic Ni is required in microblast process to achieve mechano-chemical reaction between the substrate and powder particles. 43, 44 In order to compare the properties of the NiO x coatings prepared by the microblasting technique,(Sample A), NiO x nanoparticulate coatings were also deposited using conventional powder spraying and sintering (Sample B). 22 In this method NiO x nanoparticles were deposited onto 0.15 mm thick nickel sheets (2 cm x 2 cm) using a spraying technique similar to that described previously by Halme et al.. 46 NiO x nanoparticles, with an average particle size of 50 nm (Sigma-Aldrich) were suspended in 2-propanol (20 mg/mL), and a loosely adherent particulate layer of NiO x coatings was spray-deposited onto a Ni sheet. Successive sintering of the sprayed coating of NiO x nanoparticles was achieved with furnace treatments carried out in air at 450 °C for 30 minutes 22 using a Carbolite Furnace (RHF 1200). The thermal treatment is necessary for connecting the NiO x nanoparticles and for warranting the electrical contact between nanoparticles and at the Ni/NiO x interface.
Characterization equipment
The cross sectional investigations of the NiO x coating were carried out using a FEI Quanta 3D FEG DaulBeam TM (FEI Ltd, Hillsboro, USA) focused ion beam/scanning electron microscope (FIB/SEM) system. Prior to SEM analyses, the deposited NiO x films were coated with platinum via sputtering using an Emitech K575X sputter coating unit. This was done in order to prevent surface charging by the electron beam. Crystal properties were determined using X-ray Diffraction (XRD) measurements. These were carried out using a Siemens D500 diffractometer operating at 40 kV and 30 mA with Cu Kα radiation in normal diffraction mode at the scan rate 0.2° min -1 . X-ray Photoelectron Spectroscopy (XPS) data were recorded using a Kratos AXIS 165 spectrometer with a monochromatic X-ray source (Al K α 1486.58 eV). The XPS survey spectra were collected in the binding energy range 0-1400 eV. The surface roughness was measured with a WYKO NT1100 optical profilometer. NiO x coatings were modified with Erythrosin B (Sigma-Aldrich) by immersion in a 0.3 mM solution of the dye in 99.8 % ethanol for 24 hours at room temperature. Electrochemical investigations on sensitised NiO x were carried out in Ar atmosphere using a cell with a three-electrode configuration: 9,47 the NiO x coatings and dye-containing NiO x films were used as the working electrodes, whereas two Li rods (Sigma-Aldrich) were used as reference and counter electrodes. 47 The electrolyte used was 0.5 M LiClO 4 in anhydrous propylene carbonate (Fisher). The potential values are referenced to the Li + /Li couple. The electrochemical cells were assembled under Ar atmosphere inside a glove-box (Innovative Technology, Newburyport, Massachusetts, USA). An argon atmosphere was maintained with oxygen content below 10 ppm and water content below 5 ppm. Cyclic voltammetries 48 were carried out with an electrochemical analyzer (model 604C) from CH Instruments (Austin, Texas, USA).
Results and discussion
Surface analysis of the coatings Prior to microblast deposition, the particle size distribution of nickel oxide powder was determined using a HELOS laser particle size system (Sympatec GmbH). As detailed in Figure 1 , the largest portion of oxide particles had a linear size of ~7.5 µm. The SEM image of these particles is given in Figure 2 . : SEM image of the nickel oxide powder used in the microblast procedure. In the picture some particle diameters are shown to illustrate particle size range prior to microblast deposition.
Microblasting was carried out by blasting the nickel oxide powder entrained in an air jet onto Ni sheets at a velocity of about 180 m s -1 . The latter value was measured using a particle image velocimetry (PIV) system. 49 Upon impact with the Ni surface, the kinetic energy of the powder grains is converted partially into mechanical energy which induces craters formation due to localized plastic deformation, and partially into potential energy which brings about chemical bond formation between the metallic substrate and the oxide particles. 45 Moreover, the impact of the micron-sized NiO x particles on the Ni substrate has a cleaning effect with the removal of the native oxide layer on the metal surface. 45 The mechanochemical reaction 50 In the microblast procedure we have used deliberately m size (see Figure 2 ) and not nm size oxide particles because the use of nanoparticles would have raised health and safety issues, 51 and because of a lack of sample containment in the microblast process. We are aware of the fact that it would have been more advantageous the use of nm size particles for obtaining thin film electrodes with larger surface area. 41 This issue is under further investigation. To benchmark the NiO x coatings prepared via the microblast technique (Sample A), we have also prepared NiO x films through the sintering 22 of spray deposited layers (Sample B) of NiO x nanoparticles on Ni sheets. Both microblast and nanoparticulate NiO x coatings have thickness values in the range of ~1.2 µm. It is evident that the microblast deposited coating ( Figure 4a ) exhibited lower levels of porosity compared with those deposited using the nanoparticles technique ( Figure 4b) . A summary of the physical properties of the NiO x coatings deposited using the microblast technique and the nanoparticles sintering route is given in Table 1 .
Properties
Microblast deposited NiO x Nanoparticles NiO x 
Crystal and chemical compositions of microblast deposited NiO x coatings
The microblast deposited NiO x coatings were examined using XRD. The preferred surface orientations of both nickel oxide powder and microblast deposited NiO x coatings were the planes (111) and (200) ( Figure 5 ). 21 The signature of the crystallographic plane (220) at 20~ 58  was not detected for the microblast NiO x coatings 21 . The sintered films of NiO x nanoparticles displayed a XRD pattern (not shown in Figure 5 ) characterized by the signal associated with the NiO x (200) plane (2 = 43.2 degrees). An XPS study was carried out to investigate the chemical composition of microblast deposited NiO x film and the coating obtained by sintering of NiO x nanoparticles ( Figure 6 ). The Ni 2p 3/2 spectra of Sample A coatings exhibit two peaks at 854 and 855.5 eV, which have been assigned to Ni 2+ (NiO) and Ni 3+ (Ni 2 O 3 ) respectively ( Figure 6 -upper graph, blue profile). 52, 53 This is in addition to the very broad peak at ~861 eV, which is the shake-up satellite peak of Ni 2+ and Ni 3+ . 52, 53 The complex peak structure makes it difficult the de-convolution of the peaks. However, the O1s spectra shown in Figure 6 
Electrochemical properties of microblast deposited NiO x
The Ni/NiO x interface of the microblast sample constitutes a metal/semiconductor junction that allows the passage of a cathodic current as verified when the applied external potential is less positive than 2.2 V vs Li + /Li in case (Figure 7 ). 47 
The electrochemical cycling of a Sample A coating exhibits a continuous increase in the cathodic current peak at 1.67 V vs Li + /Li during the first 70-80 cycles (Figure 7 ). This study was carried out at a scan rate of 40 mV s -1 and within a potential window of 1900 mV. These findings are consistent with what has been previously reported for thin NiO x layers undergoing repetitive cycles of electrochemical Li + ions insertion (intercalation)/removal. 9a,32,47 The increase in cathodic current is ascribed to the widening of the diffusion channels in the electrode structure through which lithium cation is exchanged. 14b,54 An analogous electrochemical behaviour was observed for the Sample B coatings (Figure 8 ). The reduction of nanoporous NiO x coatings prepared via wet chemical methods, e.g. sol-gel, present voltammetry profiles similar to those of microblast, but with the exchange of lower current densities in anhydrous conditions. 14b The cathodic process of lithium cations intercalation described in Eq.(1) is observed for Sample B within the potential range of 1.3-2.6 V vs Li + /Li. Similar to the Sample A coating (Figure 7) , the onset of the reduction of sintered NiO x nanoparticles (sample B) occurs at approximately 2.6 V. 9,47 However, the cathodic current density exchanged by Sample B for the NiO x reduction [potential range 1.3 -2.6 V vs Li + /Li (Figure 8) ], is generally lower than that obtained for sample A (Figure 7 ). Despite the larger surface area of NiO x electrodes obtained for sample B, (Figure 4b ), [55] [56] [57] [58] and for sol-gel deposited coatings, 6b,14b the current density associated with NiO x reduction [Eq. (1)] is approximately two times higher for the microblast deposited sample A, which possesses a larger particle size in the order of several microns (Figure 2 ). This finding implies that lithium uptake accompanying the electrochemical reduction of these NiO x coatings [Eq. (1)] is not controlled by the surface area or by the mesoporosity of the electrodes. 59 It is more likely that current density is controlled by bulk characteristics such as the more ordered structure of NiO x of the microblast deposited coatings (Figure 6 ), 60 and, consequently, higher electron mobility and higher diffusion lengths within the larger grains of the microblast sample with respect to the sintered nanoparticles of the same material or nanoporous solgel deposits. 6b,14b In addition to that, intraparticle charge transfer properties of semiconductor nanoparticles (sample B) may be affected by quantum confinement effects, 61 which are not relevant in microblast sample A. Moreover, the better uniformity of the metal oxide coverage on Ni substrate achieved with the microblast technique (Figure 4 ), brings about a stronger adhesion and improved charge transfer properties at the Ni/NiO x interface 62 in microblast samples when compared to the nanoparticle based films with nanoporous morphology. 23, 25, 41 The effect of irradiation of bare and dye modified Sample A type coatings with white light was also investigated. The results obtained show that the electrochemical behaviour of these coatings is affected by irradiation as shown by an increase of the current density exchanged by the microblast sample in passing from the dark to the illuminated state within the potential range 1.2 -3.2 V vs Li + /Li (Figure 9 ). The fact that the potential values at which current peaks are observed do not shift upon sample illumination suggests that the nature of the redox process associated with the current profiles of Figure 9 is not altered by visible light irradiation. Under identical conditions the charge exchanged during NiO x reduction is 2.78 and 2.82 mC cm -2 in dark and illuminated sample A, respectively. The extent of reversibility defined as the ratio of the intercalated charge to the reverse extracted charge is 0.91 and 1 in the dark and upon illumination, respectively. The absence of any additional light-induced redox processes indicates that the microblast deposited semiconductor is photochemically stable. 63, 64 Sample A coatings were sensitized with Erythrosin B (ERY) dye as outlined in the experimental part. 41 The sensitization of the ERY-modified NiO x coatings was achieved as verified by the increase of optical absorption in the visible spectrum in passing from bare NiO x coating to its ERY-sensitized version ( Figure 10 ). Spectra were taken in the reflectance mode with an integrating sphere due to the non-transparency of the oxide coatings on Ni substrate ( Figure  3a ). where z and y represent the negative charge trapped within the reduced ERY layer (not to be confused with the charge per molecule) and within the reduced NiO x coating, respectively.
Under these circumstances both ERY molecules and NiO x have to be considered as redox-active species in the solid state. The broad anodic peak centred approximately at 1.9 V vs Li + /Li is ascribed to the neutralization of the reduced ERY layer:
Therefore, the modification of microblast NiO x with ERY dye introduces an additional redox process [Eq.
(2)] with respect to bare oxide coating. The anodic peak at 2.42 V vs Li + /Li displayed by dye-modified NiO x coating (Figure 11 ) strongly resembles the one related to the oxidation of ERY-free Li y NiO x at 2.44 V vs Li + /Li (Figure 7 ). For this reason, it is assigned to the same redox process of oxidation of lithiated nickel oxide [Eq. (1) from right to left]. 9,47, 54 The electrochemical behaviour observed for the dye modified electrode suggests that both ERY and NiO x are electroactive species and act as electrochemical capacitors. 65 The confinement of redox processes within the species constituting the electrode itself is justified because of the absence of redox-active species in solution in the electrolyte under the experimental conditions here adopted. This brings about the localization of the observed redox processes at the p-type oxide itself for the bare electrode [Eq. (1) ] and at the whole ERY/NiO x assembly in the dye-sensitized version [Eq.
(2)].
The uptake of cathodic charge in ERY-modified NiO x is considerably larger than that of bare NiO x (18.75 vs 2.79 mC cm -2 , respectively). If it is assumed that the uptake of negative charge in reduced NiO x coating is the same in both bare and modified states, i.e. 2.79 mC cm -2 , the amount of cathodic charge stored solely in the ERY layer is 15.96 mC cm -2 , i.e. about six times larger than that of NiO x . This is equivalent to say that the relative charge distribution within the two electroactive species ERY and NiO x expressed as the ratio z/y [Eq.(2)] will be approximately 6:1. If we consider that each molecule of ERY in the sensitizing layer exchanges one electron during the reduction process at 0.48 V vs Li + /Li, the surface concentration of reduced ERY molecules will be about 1.6*10 -7 moles cm -2 . The reduction process at 0.45 V vs Li + /Li (Figure 11 ) is diffusion controlled as proved by the linear dependence of the cathodic peak height at 0.45 V vs Li + /Li on the square root of the scan rate ( Figure 12 ). 48 Figure 12 : Plot of the cathodic current peak (-J p ) at 0.45 V vs Li + /Li versus the square root of scan rate (v) for the cyclic voltammetries of ERY-sensitised NiO x coating in the dark state. The cathodic peak refers to the electrochemical process of reduction described in Eq.(2).
This observation suggest the presence of an electroactive layer of dye, the reduction of which is controlled by the diffusion of charge carriers (both electronic and ionic) within the ERY-sensitised NiO x coating. 66 Since no shifts of potential are observed for the various current peaks in the cyclic voltammograms of the dye-sensitized NiO x surfaces upon irradiation, as already observed for the bare electrode, it can be concluded that the nature of the redox processes observed is not changing with illumination ( Figure 13 ). Furthermore, no new voltammetric peaks are introduced in the cyclic voltammetry of dye-sensitized NiO x coating by visible light irradiation. The latter finding is again an indication of the photostability of the NiO x electrode also in the ERY-sensitized version (vide supra). 
Conclusions
The objective of this study is to evaluate the use of the microblast technique for the preparation of NiOx thin film electrodes directly from the oxide powder without any thermal treatments. Microblast technique is a novel deposition method for the preparation of NiOx coatings to be employed eventually as p-type semiconductors in photoelectrochemical cells. The deposition of NiOx coatings at a high processing rate (20 mm2 s−1) without the need of thermal treatment has been demonstrated. The latter feature is particularly important for reducing the cost of time and energy to deposit such coatings. Based on these data films with area of 10 cm2 can be prepared in less than one minute. Moreover, the placed nozzle is close to the substrate surface which prevents any considerable loss of microblasted material during the deposition process. The morphology, crystal structure and chemical composition of the microblast deposited NiOx coatings deposited onto Ni sheets have been examined. The electrochemical reduction of microblast deposited NiOx coatings has been studied and compared with that of NiOx nanoparticulate layers obtained with a process of spraying/sintering, and with that of sol-gel deposited samples from literature data. A twofold increase in cathodic photocurrents was observed for the case of the microblast deposited NiOx coatings compared with nanoparticulate coatings of similar thickness but higher porosity (as evidenced by SEM analysis), when the electrochemical process of NiOx reduction in anhydrous environment with lithium electrolyte was considered. We found that this process is diffusion controlled. The larger currents of denser microblast NiOx with respect to more porous systems was ascribed to several factors: the higher diffusion length within the larger grains of the microblast deposited coatings with respect to the sintered nanoparticles of the same material, the charge transfer properties at the Ni/NiOx interface that improve in passing from nanoparticles films with mesoporous features to the microblast samples due to the absence of empty zones at the Ni/NiOx interface. These results indicate that microblast procedure leads to an enhancement of the conductivity between NiOx grains, and good interfacial contact between the Ni substrate and NiOx coatings with respect to mesoporous NiOx samples prepared via sintering of nanoparticles, sol-gel methods or electrodeposition. XPS and XRD data on lithiated microblast NiOx show little compositional variation in passing from bare NiOx to the lithiated version when the range of potential 1.25-3.25 V vs Li+/Li was examined. Further experiments are still required for a complete structural analysis of the microblast NiOx coatings in the reduced state following the uptake of lithium cations at maximum capacity in order to evaluate the feasibility of microblast technique as preparation method of NiOx electrodes for lithium batteries. The photo-electrochemical behavior of microblast NiOx has been also analyzed and photoconduction effects have been observed.
